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Abstract 

We report the theoretical investigation of the orbital Kondo effect in an Aharonov-Bohm inter- 
ferometer by slave-boson mean field approach. It is found that the present orbital Kondo effect can 
be tuned geometrically by the external magnetic flux. When the magnetic flux ip = (2n + the 
off-diagonal self-energy vanishes and the orbital Kondo problem can be exactly mapped onto the 
usual spin Kondo model. For a general ip, the presence of the off-diagonal orbital wave function 
interference will modify the height and width of the orbital Kondo peak, but not change the posi- 
tion of the orbital Kondo peak. We also give an analytic expression of the flux-dependent Kondo 
temperature and find it decreases monotonously as the magnetic flux ip goes from (2n + 1)tt to 
2n7r, which means the Kondo effect is suppressed by the off-diagonal orbital interference process 
and becomes more easily destroyed by the thermal fluctuation. The flux-dependence conductance 
is also presented. 

PACS numbers: 73.63.Kv, 72.10.Fk, 73.23.-b 
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Very recently, quantum dots have attracted a considerable interest because of their nat- 
ural and potential applicability as basic blocks of solid-state quantum computers. One of 
the important problems in quantum dots is the Kondo problem, which exhibits the inter- 
play between a localized spin of a quantum dot and delocalized electrons in leads. As a 
result, the local spin in quantum dot is screened by the coherent higher-order spin flip co- 
tunneling process. Experimentally, a zero-bias peak of the differential conductance with a 



width given by the 



^ondo temperature Tk emerges. In the last years, a great amount of 



works p], was attributed to this problem. Especially, Wilhelm et al. [7j] pro- 

posed an original idea: by defining two electrostatically coupled quantum dots, the orbital 
structure of the wave functions acquires spin-like features, they can exactly map the orbital- 
Kondo problem onto the spin-Kondo problem. Using the four-terminal device, this idea 
was experimentally realized^ by the same group. Later, Lopez et al.[9] have discussed the 
entanglement between charge and spin degrees of freedom when both interdot and intradot 
Coulomb interactions exist. In this work, we will consider the electron movement in a two- 

hn 



terminal Aharonov-Bohm interferometer 
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18], which has been 



widely used to investigat the electron coherence. The schematic diagram of the device is 
depicted in Fig.l. We suppose there are two quantum dots in the different orbital paths 
of Aharonov-Bohm interferometer, and there exists the Hubbard-type orbital interaction 
between two quantum dots. Note that the present model is also related to the recent so- 
called pseudospin Kondo correlation experiment [bol]. in which the off-diagonal orbital wave 
function interference information was neglected. 
The model Hamiltonian we consider reads 

ka=L,R i=u,d 

+J2^ c I^+ t lAcu (i) 

kai 

The first term stands for the Hamiltonians of the noninteraction leads a = L, R and 
C+ (C ka ) are the corresponding creation (annihilation) operators. The second term de- 
scribes the Hamiltonian of the up and down quantum dots, and df(di) are the creation 
(annihilation) operators in the quantum dot i with the discrete energy level S{. The third 
term is the interaction between the up and down quantum dots. The last one denotes 
the hopping Hamiltonian between the lead a and dot with the hopping matrix elements 
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T k Lu,d = ^L«,dexp(=F^),T fcjRUid = t RUtd exj)(±if). Here ip is the magnetic flux. Note that we 
have neglected the spin degree of freedom of electrons, which contributes the simple factor 
2 in the electronic current. We have also assumed that the hopping matrix elements Tkiu,d 
are independent of the momentum index k in the following calculation. 



In order to deal with the inter-dot interaction, we use Coleman's slave- 
approach. Combining with Keldysh Green's function, many authors}^. 21 



Doson mean field 



22J, I23J, um have 



used slave-boson mean field to study all kinds of transport problem. In the U — > 00 limit, 
the localized electron operator di can be replaced by b + f\ , where b and fi being the standard 
boson and fermion annihilation operators describing the empty (n u = 0, rid = 0) and singly 
occupied (n u — 1, rid — 0) or (n u = 0,n<i = 1) states of up and down quantum dots. Since 
the dots are either empty or singly occupied in the U — > 00 limit, we have the following 
constriction condition 

b i b+J2tifi = 1 - ( 2 ) 

i=u,d 

Therefore, we can obtain the effective Hamiltonian in slave-boson representation 

Heff = £ e ka C[C ka + dflfi + 

ka=L,R i=u,d 

Y,{ T ^Cl^fi + TUlbC ka } + 

kai 

A[£/M + ^-l]. (3) 

i 

Note that we have incorporated the constriction condition into the effective Hamiltonian by 
introducing a Lagrange multiplier A. In the mean-field approximation, b and are replaced 
by a real c number, b = W = b$. Because the slave-boson mean field is correct for Kondo 
regime, we have to restrict our nonequilibrium calculation to the low bias V «\ \ ■ 
With these preparations, the key point for us is to determine the free parameters A and bo 
self-consistently by the condition 

d(H eff ) _ d(H eff ) 
d\ db 

which gives the following two self-consistent equations 



0, (4) 



-i J ^TrG<(E) + bl = l, (5) 
Xhl = ~ I ^E Tr { G Wa(£)/*(£) +T a (E)G<(E)/2}. (6) 



Once we have the parameters 60 and A, the present transport problem becomes noninter- 
action one with the renormalized quantum levels and Si — > £j + A and hopping matrix 
Thai — > b T kai . Further, by using the Keldysh nonequilibrium Green's functions, the elec- 
tronic current can be calculated from the left lead, 

= ~ %q J * [( Gr (^) " G a (E))h(E) + G<(E}}. (7) 

Where f a (E) = {exp[E — fi a ]/k B T+ is the Fermi distribution function and [T(E) a ]ij = 
^Ylk^kai * Tk a j5(E — Eka) is the lmewidth function. The Green's function G r i ^ ,< {E) is 
the Fourier transformation of G£ a,< (t) with G£°(t) = =pi0(±t) <{/<(*), //(0)}> and G<(i) = 

In the following, we first calculate the retarded Green's function G r (E) by making use of 
the Dyson equation, 

° r{E) = E-Htfl-VW (8) 
where E r (E) = TT L {E) + with 

iT{E)bl 



^l(E) = 



Z r R (E) 



2 I exp(^) 




iT(E)b t 



ex P(^ 



1 <-.\| > \- , 

v exp(f) 1 



Where we have chosen the symmetric linewidth function [T L (E)]u = [T R (E)]u ; [T L (E)]ij = 
[r R (E)]*j. Next, we solve the lesser Green's function G < (E) which is needed in the electric 
current formulism and self-consistent equation. Usually, It is calculated from the Keldysh 
equation 

G<(E) = G r {E)Y,<{E)G a {E) (9) 
with the lesser self-energy £<(£) = + S<(£), and 

V exp(^) 1 



1 exp(^) , 
exp(f) 1 



Eqs.(5)-(9) constitute a closed solution to the present transport problem, and we can calcu- 
late all kinds of physical quantities numerically. In the following, we set the Fermi level of 
the leads be zero, 2r = 1 as the energy unit and both quantum dots have the same energy 
level e u = Ed = Eq < 0. In addition, we assume the square symmetric bands for leads, that 
is, T(E) = T9(W— | E |) with W » max{/c B T, T, qV, \ |}. These parameters guarantee 
the system in the typical Kondo regime. 

In Fig.2 we plot the local density of state (LDOS = - Im[G ; (£)] = - Im[G j (g)1 ) versus 
the energy with the different mgnetic flux tp and bare energy level e . It is found that the 
LDOS shows the well-known Kondo peaks at E — 0. To demonstrate the physics origin of 
the orbital Kondo peak, we first discuss the special case with the magnetic flux tp = (2n + l)7r 
[see also Fig. 2 (a)]. Since the off-diagonal retarded self-energy [ Y7 L (E) + Y7 R (E) } becomes 
zero at points tp = (2n+l)7r, the orbital kondo problem is equivalent to the usual spin Kondo 
one. The physics of this orbital Kondo resonance results from the interesting co-tunneling 
process that is shown in Fig. 3. When both of the quantum dot energy level £j < and there 
is the strong Anderson interaction between two quantum dots, only one electron is occupied 
in one dot (we assume the down dot ). Although the first-order tunneling is blocked, the 
higher-order tunneling process still happens: the first electron in the down quantum dot 
tunnels to the Fermi level of the right lead via the down arm, the second electron at the 
Fermi level of the left lead tunnels into the up dot via the up arm on a very short time 
scale ~ H/(fx — e ). Next, the second electron repeats the process of the first electron via 
the up arm and another electron tunnels into the down dot via the down arm. At low 
temperature, a coherent superposition of all of this type co-tunneling process gives a narrow 
Kondo resonance peak in the LDOS of both up and down dots. The position of the Kondo 
resonance is pinned at E = eq = (eq + A) — > and the width is T = T6q. The Kondo 
temperature is determined by ksTx = \J e^ + f 2 ~ W^exp(— ^j^). In addition, we also find 
two features in Fig.2(a-d): (1) For a given magnetic flux ip, the width of Kondo resonance 
peak increases as the bare energy level e — > 0. This is because the empty state occupied 
probability increase when e approaches to zero, and thus bo becomes larger. (2) For a given 
bare energy level Eq , the position of the Kondo resonance does not change with the magnetic 
flux. However, the width and height vary with the magnetic flux tp. We can understand 
these as follows: For a general tp ^ (2n + 1)tt, the off-diagonal orbital interference results in 
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the following diagonal retarded Green's function for up or down quantum dot 

G r (E) = E ~/° + lf , (10) 

(E-e +«r) 2 + r 2 cos 2 (f) 

which demonstrates that the position of the orbital Kondo resonance peak in LDOS is still 
at E = £o — > 0, but the height and width of the peak are modified by the factors 1/ sin 2 ^) 
and sin 2 (^), respectively. The corresponding Kondo temperature can be obtained from 



k B T K &) = J e 2 + f 2 sin\^) (11) 



2 

We must point out that Tr has a more complicated dependence of the magnetic flux ip 
due to 6q and T being still the implicit functions of <p. In Fig. 4, we demonstrate the Kondo 
temperature Tk(<p) decreases monotonously when the magnetic flux ip goes from (2n + 1)tt 
to 2nn. This means that the off-diagonal orbital wave function interference will suppress the 
orbital Kondo effect. In particular, when the magnetic flux ip is close to 2n7r, the Kondo 
temperature of the system becomes very small and the thermal fluctuation will more easily 
destroy the Kondo peak. Once the temperature is higher than Kondo temperature Tx((p), 
the Kondo peak will suffer from a drift to the positions of the bare resonance. In Fig.5, we 
plot the conductance as a function of the external magnetic flux. It is found that although 
there are the same renormalized energy levels Eq for both up and down quantum dots which 
are very close to the Fermi energy of the leads, the destructive interference results in a greatly 
suppressed conductance for a general magnetic flux <p. Especially, the conductance vanishes 



when ip = (2n + 1)tt. This anti-resonance phenomenon has been discussed in reference [16 1. 

In summary, we have presented a flux-dependent orbital Kondo effect in an Aharonov- 
Bohm interferometer. The off-diagonal orbital wave function interference will modify the 
height and width of the orbital Kondo peak, but not change the position of the orbital Kondo 
peak. The analytic result of the flux-dependent Kondo temperature is also presented, and 
the numerical calculations show the Kondo peak is robust to the wide range of the magnetic 
flux ip. Since this present orbital Kondo effect can be tuned by the geometric way, we hope 
this theoretical work will further stimulate the experimental interests in the orbital Kondo 
physics. 
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Figure Captions 

Fig. 1. Schematic diagram of our system. 

Fig. 2. The LDOS of dependence of the energy for the different magnetic flux (p: (a) 
ip = it. (b) <p — 37r/4. (c) ip = 7r/2. (d) <p = ir/4. The solid, dashed and dotted lines in (a)- 
(d) correspond to the different bare energy levels Eo = —2.5, —3, —3.5, respectively. Other 
parameters are set: 2T = 1,W = 100, (3 = 10 5 . 

Fig. 3. The co-tunneling process giving rise to the orbital Kondo resonance: (a) An 
electron in down dot tunnels into the right lead via the down AB arm, followed by another 
electron in the left lead tunnels into the up dot via the up AB arm. (b) An electron in up 
dot tunnels into the right lead via the up AB arm, followed by another electron in the left 
lead tunnels into the down dot via the down AB arm. 

Fig. 4. Kondo temperature as the function of the magnetic flux ip. We have set eo = —3.5 
and other parameters are the same as those in Fig. 2. 

Fig. 5. The conductance versus the magnetic flux ip. We have set Eq = —2.5 and other 
parameters are chosen as those in Fig. 2. 
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